Dissolution or removal of GJs by either one of adjoining cells are most likely carried out by means of the invagination and subsequent endocytosis (Albertini and Anderson 1975; Larsen 1983 Larsen , 1985 ; Cole and Garfield 1985; Spray et al. 1987) . Such GJs as representing various endocytotic phases have been described in follicular membrana granulosa cells (Larsen 1977; Larsen et al. 1979 Larsen et al. , 1987 Narimoto et al. 1985) , developing otocysts (Ginzberg and Gilula 1979) , uterine smooth muscle cells (Cole and Garfield 1985) , and cultured adrenocortical tumor cells (Murray et al. 1981 ; Risinger and Larsen 1983) . Although the cytoskeletal undercoat has been presumed as an essential part of the endocytosis, its structural change in the procedure has not been sufficiently analyzed. This may be partly due to the fact that heretofore most intensively investigated GJs have happened to be devoid of an organized undercoat Shibata et al. 1985; Shibata and Yamamoto 1986) .
In our preliminary examination on several types of GJs, we have found that, in adrenal steroidogenic cells of the guinea pig and bullfrog, planar GJs had no well developed undercoats, meanwhile more or less organized microfilaments appeared in association with invaginating GJs. The present study is aimed to demonstrate structural features of the variably invaginating GJs and their orga nized undercoats by electron microscopy of thin-sectioning, freeze-fracturing and deep-etching preparation. Functional significance of the invaginationendocytosis of GJs will be also speculated.
A preliminary result has been reported in an abstract form (Watanabe et al. 1987 ).
MATERIARS AND METHODS
Seven guinea pigs, 200-400 g in body wt., were prefixed through cardiac perfusion with a fixative containing 2.5% glutaraldehyde in sodium cacodylate buffer (pH 7.4, 0.1 M) under pentobarbital anesthesia. Adrenal glands were sliced and immersed in the same fixative for 1.5 hr. Under anesthesia, adrenal glands from two guinea pigs were quickly excised and immersed in the same fixative for 1.5 hr without perfusion fixation. To elicit anoxial effect, two decapitated guinea pigs were allowed for postmortal ischemia for 30 min before the immersion fixation of adrenal glands. Adrenal glands were also quickly excised from 12 decapitated and pithed bullfrogs, Rana catesbeiana, 250-400 g in body wt., and immersed in the same fixative.
For thin sectioning, tissue blocks were postfixed with 1% osmium tetroxide for 2 hr, stained with 2% uranul acetate, dehydrated in ethanol and propylene monoxide, and embedded in epoxy resin. Serial thin-sections were mounted on formvar film-coated singleslot grids, stained with 2% uranyl acetate and saturated lead citrate aqueous solutions. GJs contained numbers of rows of densely packed connexon particles and particle-free aisles. The rows were thinner and longer in the bullfrog than in the guinea pig. Center-to-center spacing of the arrayed connex on particles was about 10 nm in common . GJs formed in the planar face of cells were associated with scattering microfilaments in the underlying cytoplasm as viewed in sections (Fig . lb) as well as in deep-etching replicas (Fig. 3 ). In deep invaginations, microfilaments, similar in thickness, formed a single row on the cytoplasmic surface of GJ membrane of the withdrawing cell. They eventually ensheathed the neck portion as well as the spherical fundus of the invagination (Fig. 6a) . The microfilaments were aligned at right angles for the long axis of the invagination.
Variably invaginating GJ
Where such microfilaments were sectioned longitu dinally, they appeared as in parallel with, and 10-12 nm apart from, the cytoplas mic surface of GJ membrane (Fig. 6b) . In fortuitous sections, the invaginating GJ was associated with cross sections of the microfilaments, that was enhanced by tannic acid staining (compare Figs. 6b, c). The center-to center distance between the filaments ranged 12-16 rim. They seemed to be anchored to GJ membranes through filamentous or particulate connecting units. With distinction from these microfilaments, intermediate filaments, 10 nm in thickness, also appeared much less in number in the subsurface cytoplasm. The filamentous sheaths of the deep invaginations were more vividly demon strated by deep-etching replicas (Figs. 7a, b ). S-1 decoration studies indicated that these microfilaments contained actin (Figs. 8a, b) . GJ vesicles appeared more frequently. Serial-section studies revealed that most of the annular GJs were spherical or elongated in shape and were continuous with the surface plasmamembrane through a neck portion ; only a limited number appeared actually internalized within an adjoining cell cytoplasm. The total thickness, about 20 nm, of apposed GJ membranes looked unchanged whether a GJ was located at the cell surface or internalized within the cytoplasm. Inside the annular GJ vesicles, small-sized vesicles, granules, and ribosomal particles were remarkable among dispersed microfilaments. The annular GJ vesicles were Fig. 12 . Diagram of the procedure of invagination-endocytosis specifically involv ing initially large-sized, planar GJs as depicted in A. Through the stages, B to E, the shaded right half of the picture represents the withdrawing cyto plasm and its subsurface sheath of actin-containing microfilaments ; the left half a view of the protruding cytoplasm and ultimately internalized invagina tion with a network of actin-containing microfilaments. Cross-section and surface view of the clathrin-coated vesicles are also depicted (see text for the implication).
Gap Junctions and Cytoskeletal Undercoats 179 often found to form a part of lysosomal figures (Figs . 9a, b) . Distribution pattern of connexon particles was regarded as unchanged between the planar, variably invaginating, and annular GJs (Figs . 2a, b, 10a, b) .
Clathrin-coated vesicle
Clathrin-coated vesicles occurred frequently in close to , or in direct contact with, either planar or variably invaginating GJs (Figs . 10b, 11a, b) . These vesicles often fused to the ER system in proximity to the GJs (Fig. 11a) . Clathrin-coated vesicles, varying 60-150 nm in diameter, were often found to pinch off a small area of GJ membrane.
In freeze-fracturing replicas, some of the vesicles exhibited smooth fracture faces, but others the presence of connexon particles on the P-faces and complementary pits on the E-faces (Fig. lib) .
Based on these findings, a presumable procedure of GJ removal was dia gramed (Fig. 12 ).
DISCUSSION

Network of microfilaments gives rise to the invagination-endocytosis of GJ
There has been accumulating evidence for that GJ membranes are removed from the cell surface by internalization, producing a transient form of annular GJs, in some vertebrate cell systems (Ginzberg and Larsen et al. 1986 ). For the first time, we have described above characteristic network of actin-containing microfilaments in the protruding cytoplasm. A certain number of the microfilaments are anchored to the cytoplasmic surface of GJ membranes. These structural features imply that an actin-involving mechanism may cause, and drive, the invagination-endocytosis in the large-sized planar GJs. Puncta adherentia, which occur frequently in relation to GJs, will provide preferential anchoring sites for microfilaments in the invagination.
It is unlikely, however, that the puncta are indispensable for the invagination process, because the invagination occurs in various GJs without their presence as far as examined by serial sections.
A sheath is formed by microfilaments in the deeply invaginating GJ
The deeply invaginating GJs have another type of undercoat, a sheath of actin-containing microfilaments.
A similar filamentous sheath has been found in the annular GJs of the follicular membrana granulosa cells (Larsen et al. 1979) . They have verified actin in the microfilaments and regarded as a source of the driving force for the endocytosis. We have visualized here that the sheath of actin-containing microfilaments are arranged at right angles for the invaginating axis. It is also noteworthy that the microfilaments in the form of sheath are absent or lost from the planar GJ as well as the completely internalized or degenerating GJs. Such observation prompts us to speculate that the sheath of actin-containing microfilaments will work in the middle phase of invagination to purse and pinch off the involved GJ membranes in concert with the above mentioned actin network on the other side of protruding cytoplasm.
This may provide morphological support for a recent report that the internalization mecha nism of GJ has been impaired by some cytoskeleton-severing substances (Spray et al. 1987 ).
Functional significance and fate of endocytosed GJ Previous studies have suggested that anoxia and low pH may be a part of inducing factors for the invagination of GJs (Yancy et al. 1979; Raviola et al. 1980) . Accordingly, in the present material, invaginating GJs are proved to be most frequent in the material exposed to S-1 for 12 hr. Despite this, variably invaginating or degenerating GJs occur with constant frequency throughout the perfusion-fixed materials. These findings suggest that not only pathological condition such as anoxia, but also a normal process of digestion of GJs, will cause the endocytosis.
It is also interesting that, by means of the same preparation as described, planar GJs in Xenopus glial cells and in lamprey horizontal cells have never shown a sign for the invagination-endocytosis (unpublished data). For this stage of study, the invagination-endocytosis of GJs may be rather specific for some species or cell systems than ubiquitous.
In a previous study, recycling the endocytosed GJs has been inferred in cultured fetal adrenal cortical cells (Decker 1984) . However, in agreement with the results from different cell systems (Albertini and Anderson 1975 ; Ginzberg and Gilula 1979), we have here recognized various lysosomal figures, apparently derived from degenerating GJ membranes, in the adrenal steroidogenic cells. Localization of acid phosphatase has been shown within the internalized GJ vesicles in cultured adrenal cortical tumor cells (Murray et al. 1981 ). Consequently, a part, if not all, of the internalized GJ vesicles will be degraded through lysosomes.
As mentioned above, clathrin-coated vesicles appear frequently in close to the planar as variably invaginating GJ membranes. It is also likely that clathrincoated vesicles take up GJ membrane, regardless connexon-attached pieces or connexon-free aisles. It will provide a potential route by which GJ membranes, dissolved by clathrin-coated vesicles, will be given back to the surface membrane. Figs.9a and b. Thin sections showing a dumbell-shaped internalized GJ of guinea pig (a. x 96,000) and a lysosomal figure containing apparently decay ing GJ of bullfrog steroidogenic cell (b. x 82,000). The sheath outside and the network inside the invaginating vesicle are barely detected in a, mean while the network is completely lost in b. figure 2b . Note a clathrin -coated vesicle (arrowhead) in the subsurface cytoplasm. x 72,000. Fig. 11 . a. Thin section of an invaginating GJ of guinea pig steroidogenic cells.
Note that free ribosomes, small vesicles and clathrin-coated vesicles exist in the cytoplasmic protrusion. x 63,000. b. Freeze-fracture replica of a corre sponding region to a. The vesicles inside the invagination exhibit the P-face (P) studded with the particles, which no doubt derive from the connexon particles (CP) of GJ and complementary E-face (E) with the corresponding pits. x 75000.
